A commercial humic acid dissolved in water was fractionated to nine samples by means of ultrafiltration (UF); the nominal molecular weight used for UF membranes was 1 k -200 kDa. Concerning the nine samples, copper(II) complexing capacities (CuCC) and conditional stability constants (β) of the formed copper(II) complexes were measured by a solvent extraction method. A total organic carbon (TOC) and the UV-VIS absorption ratio (E350 nm/E450 nm) were also measured. From a comparison of these data, it was found that a) humic acids in each fraction formed two kinds of copper(II) complexes with different stability; b) the β values obtained from each fraction were almost the same; c) large CuCC values were observed in the molecular weight range from 10 kDa to 20 kDa and below 1 kDa; d) molecules with molecular weight higher than 50 kDa scarcely had any copper(II) complexing ability; e) the values of CuCC/TOC of each fraction were in the range from 1.7 to 3.4 × 10 -7 mol mg -1 .
Introduction
It is well known that some trace metals, such as copper, cadmium and mercury, in natural water greatly affect aquatic organisms. 1 The toxicity of these metals, however, depends not simply on their total concentrations, but on their chemical forms, which are primarily determined by the metal complexing ability of coexisting ligands. [1] [2] [3] In order to obtain insight into the effect of the metal ions on aquatic ecosystems, therefore, evaluation of the complexing ability of the ligands is exceedingly important from an environmental point of view.
On the other hand, humic acid, which is ubiquitous in natural water, is able to form a complex with metal ions; hence, their chemical forms must be dependent upon its complexing ability. [4] [5] [6] This point suggests that information about the complexing ability of humic acid is indispensable for an assessment of the environmental impact of the metal ions. However, the acquisition of information is quite a difficult task, because humic acid is a complex mixture with molecular weights ranging from ca. 500 Da to more than 100 kDa. 4 Accordingly, to elucidate the property of humic acid, size fractionation must be conducted as an essential procedure. Several techniques for the size fractionation of humic acid have been attempted; among them, ultrafiltration (UF) is one of the simplest and most useful techniques. 7 Consequently, a study focused on complexation between metal ions and fractionated humic acid will provide useful information about the impact of metal ions in aquatic ecosystems.
Recently, the authors have developed a method for the simultaneous determination of the copper(II) complexing capacity (CuCC) and the condition stability constant (β) of soluble copper(II) complexes in natural water based on the back-extraction of bis(4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionate)copper(II). 8, 9 This method was practically simple, not requiring any special apparatus, and enabled one to determine the CuCC of the occurring ligands and log β of the formed copper(II) complexes. A copper(II) complexing ability of ligands can, in general, be evaluated based on the CuCC and log β values. Therefore, the application of the back-extraction method to a humic acid sample solution will provide practical data for evaluating the copper(II) complexing ability of humic acid.
In this study, the CuCC and log β values of humic acid fractionated from 200 kDa to 1 kDa by UF were determined by the back-extraction method.
A commercial humic acid purchased from Aldrich Chemical Co. was used as a sample, because it could be easily purchased, and the obtained data can be useful concerning the environmental or agricultural use of the humic acid. 10, 11 The results suggested that the humic acid with a moderate molecular weight, such as 10 k -20 kDa or <1 kDa, played an important role in the copper(II) complexation.
Experimental

Reagents
Stock solutions of 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione (TTA, 1.25 × 10 -2 mol dm -3 ) and bis(4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionato)copper(II) (Cu(tta)2, 5.0 × 10 -4 mol dm -3 ) were prepared as described previously. 8 Humic acid (Aldrich Chemical Co., Cat. No.: H1, 675-2) was used without further purification. A 3-morpholinopropanesulfonic acid (MOPS, Dojindo Lab.) buffer was also used for pH adjusting.
All reagents used were of analytical reagent grade, and water used for the preparation of reagents and buffer solutions was obtained from a Milli-Q water purification system (Millipore Co.).
Apparatus
A Hitachi atomic absorption spectrophotometer (Model Z-6100) equipped with a copper(II) hollow cathode lamp (Hamamatsu Photonics) was used for the determination of copper(II). A Horiba pH meter (Model F-22), a Shimadzu total organic carbon (TOC) analyzer (Model TOC-500) and a Hitachi UV-VIS absorption spectrophotometer (Model U-3500) were used for pH, TOC and UV-VIS absorption measurements, respectively. An UF holder (ADVANTEC UHP-43K) equipped with a UF membrane (ADVANTEC; Q0100, P0200, Q0500, Q2000, Millipore; PLAC047, PLBC047, PLCC047, PLHK047) and an Iwaki shaker (KM-type) were used for the UF of humic acid and shaking a separatory funnel, respectively.
Procedure
Ultrafiltration. An aliquot of humic acid was dissolved in water and then filtered through a φ0.45 µm membrane filter. The filtrate was ultrafiltered with eight kinds of UF membranes, whose nominal molecular weight cut-off values were <200 kDa, <100 kDa, <50 kDa, <20 kDa, <10 kDa, <5 kDa, <3 kDa, and <1 kDa, respectively. These eight UF fractions and the filtrate through the φ0.45 µm membrane were used as sample solutions. After 10 cm 3 portions of the sample solutions were diluted to 50 cm 3 with water, the TOC and UV-VIS absorption (λ = 350 nm, 450 nm) were measured. The E350 nm/E450 nm values were obtained by dividing the absorbance at 350 nm by that at 450 nm. Measurement of CuCC and log β. After a 50 cm 3 portion of each sample solution was taken in a volumetric flask, 25 cm 3 of 1.0 mol dm -3 NaClO4 and a 25 cm 3 of 0.10 mol dm -3 MOPS solutions were added to the flask. After the pH of the solution was adjusted to 7.0, the solution was diluted to 250 cm 3 with water. Twenty cubic centimeters of the solution were taken in a separatory funnel, and an equal volume of benzene solution containing 0 -5.0 × 10 -3 mol dm -3 TTA and 5.0 × 10 -5 mol dm -3 Cu(tta)2 was added. The mixture was then shaken vigorously for 1 h. After the phases were allowed to separate, copper(II) in the aqueous phase was determined with an atomic absorption spectrophotometer, followed by a pH measurement.
In previous work, an equation for the determination of CuCCs and the conditional stability constants (log β) of soluble copper(II) complexes in a sample solution was proposed as 8 [CuL] = , All experiments were carried out at room temperature (ca. 293 K). Figure 1 shows the TOC and E350/E450 values of each sample solution. The change in TOC, in which two large decreases were observed between <0.45 µm and <200 kDa and between <20 kDa and <10 kDa, indicates that the molecular weights of the humic acid are mainly distributed in the following three ranges: >200 kDa, 10 k -20 kDa and <1 kDa. The percentages of these fractions in TOC were as follows: >200 kDa ({(TOC<0.45 µm -TOC<200 kDa)/TOC<0.45 µm} × 100) = 35.5%, 10 k -20 kDa ({(TOC<20 kDa -TOC<10 kDa)/TOC<0.45 µm} × 100) = 17.4%, <1 kDa ((TOC<1 kDa/TOC<0.45 µm) × 100) = 33.3%. In contrast, the E350/E450 values, which roughly depend on the humification degree of humic substances, 13 gradually increased as the molecular weight decreased. This tendency implies that the molecular weight of the humic acid became small by humification.
Results and Discussion
To evaluate the copper(II) complexing ability of humic acid, CuCC and log β of each humic acid sample solution were measured according to Eq. (1). Figure 2 shows the result of <100 kDa, indicating the plots well fit the curve derived from Eq. (1) in which the existence of two kinds of ligands is considered. When the other sample solutions (<0.45 µm, <200 kDa, <50 kDa, <20 kDa, <10 kDa, <5 kDa, <3 kDa, <1 kDa) were used, the plots also fit the curve. These results suggest that two kinds of ligands (L 1 and L 2 ), which form copper(II) complexes with different stability, exist in the fractionated humic acid solutions.
The copper(II) complexing capacities (CuCC) of each fraction are shown in ] show a similar tendency, i.e., both values have a constant range (between <0.45 µm and <20 kDa), a large decrease (between <20 kDa and 10 kDa) and a gradual decrease in the range (between <10 kDa and <1 kDa). The similarity suggests that L 1 and L 2 have a similar molecular weight, or may exist in the same molecule (in this case, L 1 and L 2 can be considered to be two different complexing sites in the same molecule). Figure 4 shows the CuCC/TOC values (mol mg -1 ), which mean the mole of copper(II) complexing sites in unit carbon mass of humic acid. By filtration of high molecular substances (>200 kDa), which hardly have a copper(II) complexing site, the CuCC/TOC values become large between <0.45 µm and <200 kDa. The decreases in the values between <20 kDa and <10 kDa suggest that the number of copper(II) complexing sites in the unit carbon mass of the molecules with molecular weights from 10 kDa to 20 kDa is more than that with below 10 kDa. However, the difference between these values caused by ultrafiltration are not very large: CuCC/TOC, [L 1 ]/TOC and [L 2 ]/TOC are in the range of 1.7 -3.5, 1.5 -2.5 and 0.2 -1.0 × 10 -7 mol mg -1 , respectively. This result suggests that the ligands which possess 10 -7 mol mg -1 order of magnitude of CuCC/TOC are in control of the copper(II) complexation regardless of their molecular weight. Figure 5 shows the log β values. The βL1 values can be considered to be almost constant, resulting in the average values, log βL1 = 7.15, which corresponds to the stability of N,N-bis(2-hydroxyethyl)glycinatocopper(II) complex (log β1 = 7.15 at pH 7.0). 14 The βL2 values are also constant, except for <10 kDa and <5 kDa, which give large values. Although the reason for the large values is not fully understood, it may be due to the curve fitting error of Eq. (1), because standard deviations (σ) caused by the curve fitting were 1.06 for 10 kDa and 0.84 for 5 kDa, which were obviously larger than σ for other fractions (σ<0.45 µm = 0.15, σ<200 kDa = 0.33, σ<100 kDa = 0.18, σ<50 kDa = 0.00, σ<20 kDa = 0.26, σ<3 kDa = 0.39, σ<1 kDa = 0.19). The average value, except for <10 kDa and <5 kDa, log βL2 = 9.37, which corresponds to the stability between iminodiacetatocopper(II) (log β1 = 8.19 at pH 7.0) and nitrilotriacetatocopper(II) (log β1 = 10.25 at pH 7.0), 14 is fairly large. The results suggest that humic acid forms a stable copper(II) complex even if ultrafiltered. Further, almost the same β values imply that the ligands in each fraction would have similar complexing sites. Consequently, although humic acid is a complex mixture, complexation in copper(II) is not very complex; it can be expressed by the formation of two kinds of complexes with log β around 7 and 9.
In conclusion, this study revealed that the humic acids ultrafiltered over the molecular weight range <200 kDa -<1 kDa formed two kinds of copper(II) complexes with different stability. From a comparison of CuCC for each fraction, it was found that the molecules with relatively low molecular weight, especially 10 k -20 kDa and <1 kDa, played an important role in copper(II) complexation, while those with >50 kDa scarcely had a copper(II) complexing ability. The conditional stability constants of the formed copper(II) complexes implied that the ligands with two common kinds of complexing sites, which formed copper(II) complexes with log β ca. 7 and 9, controlled the chemical forms of copper(II) in humic acid media. 
